Introduction
Zeolite ZSM-5 [Na n Al n Si 96−n O 192 ·16H 2 O (0<n<27), abbreviated as Na-ZSM-5] is one of the most attractive members of high silica zeolite class. ZSM-5, a highly porous material, belongs to the pentasil family of zeolites with MFI framework [1] . Framework of ZSM-5 structure consists of intersecting 2D channel structure formed by 10-membered oxygen rings. The main characteristic of this framework structure is the presence of straight channels with elliptical cross-section and zig-zag patterned channels with circular cross-section. It is the channel diameter that determines catalytic activity, selectivity and stability of zeolite ZSM-5 and hence it is considered as a significant catalyst [2] . Combination of the various novel properties like unique structure, molecular-sieving behaviour, excellent ion exchange capacity and adsorption capabilities along with excellent high thermal stability and chemical resistance makes the ZSM-5 zeolite very favourable for sensor applications [3, 4] . Moreover, the porous nature of ZSM-5 gives rise to the high surface area, due to which it provides numerous sites for adsorption of molecules to be sensed [5] [6] [7] . It is reported in the literature that zeolites can be employed in sensor field either as a host material or as a filter or thin layer to enhance the sensing properties, especially semiconducting materials based sensors [8] . Literature review also indicates that the zeolite structure can be modified by incorporating various transition metals, cations and metal oxides as the guest molecules, by serving as a host. These modifications, in turn, strongly influence diffusion, catalytic and especially adsorption properties of zeolite and consequently influence sensing applications. Hence, these host guest interactions may be used as the basis for sensing [9] [10] [11] .
Semiconductors are the most attractive materials for gas sensor applications. Among various semiconducting metal oxides, zinc oxide (ZnO) and titanium oxide (TiO 2 ) have attracted much attention because of their excellent electronic, chemical and optical properties. It is due to numerous features like cost effectiveness and flexibility in production, simplicity, ease in implementation, small size, quick response/recovery and high sensitivity, these semiconductors are widely used as gas sensors [12] . Moreover, these oxides exhibit high temperature stability, harsh environment tolerance and catalytic properties. These oxide-based sensors can be employed for the detection of low concentration of reducing as well as oxidizing gases and give fast response to a wide variety of gases [13] [14] [15] . It is also reported in the literature that addition of TiO 2 to ZSM-5 leads to the increase in surface area [12] .
Ethanol sensors, especially, have been the main focus of research in recent years for their applications in wide range of areas like chemical, biomedical and food industries, beverages quality monitoring, environmental monitoring, indoor air quality and breath analysis [16] . It is due to the great demand in diverse fields, that the search for new ethanol sensor materials is still needed. Literature survey reveals the sparseness in research based on metal oxide blended zeolite gas sensors.
Hence in this study, ZnO and TiO 2 metal oxides are incorporated into ZSM-5 matrix to have the novel metal oxide/zeolite composites to meet the requirement of desired features, like high sensitivity, low working temperature and short response/recovery times for the ethanol sensor. The composite thick films, prepared by screen printing technique, are employed as the ethanol sensors and the effect of metal oxide concentration on ethanol sensing parameters is investigated.
Experimental

Materials
All the chemicals, used for synthesis of zeolite and fabrication of sensor, are of analytical grade purity and used without further purification. The raw materials used in this study, namely, sodium aluminate, sodium hydroxide, silica sol, titanium oxide (TiO 2 ), zinc oxide (ZnO) and silica sol, are procured from Merck, India.
Synthesis of Nano-ZSM-5 zeolite
ZSM-5 zeolite crystals are synthesized via microwaveassisted template-free hydrothermal method as per the method described in literature to reduce the synthesis time [17] . Sodium aluminate (aluminium source), sodium hydroxide and silica sol (silica source) are used as the starting chemicals to obtain synthesis sol. Initially, solution is prepared by dissolving simultaneously appropriate amounts of sodium hydroxide (4.0 g) and sodium aluminate (1.64 g) in 135 ml of deionized water. Silica sol (104 g) is slowly added to the solution under a condition of constant and vigorous stirring. Addition of silica sol immediately results in the formation of a white gel. The gel solution, thus formed, is further magnetically stirred for 5 h and later on aged for 24 h at room temperature for the first-order nucleation.
Prior to being transferred to a stainless steel autoclave, the aged gel is then exposed to microwave radiations for 5 min to expedite the crystallization process and then transferred to autoclave. Finally, it is hydrothermally treated for variable time durations (20, 18, 15 and 12 h ) at 453 K temperature in order to optimize crystallization period. After the completion of the reaction and series of experiments, the obtained products are air-cooled to room temperature. These products are further thoroughly washed with deionized water and filtered. All the obtained products are then dried at 373 K for 24 h and sintered at 773 K for 2 h. Synthesis protocol is presented in figure 1.
Preparation of metal oxide blended sensors
The main raw materials used for the sample preparation are zeolite and metal oxides. ZSM-5 zeolite is used as the host matrix and three different kinds of metal oxides are employed as the reinforcing guest molecules. The particle reinforced composites are prepared using nanoparticles of Merck grade metal oxides, namely, ZnO, TiO 2 and CuO with 25, 50 and 75% weight content of ZSM-5 zeolite using a simple physical mixture method. The ingredients are thoroughly dry mixed mechanically, using agate mortar, for about 10 h to have homogeneous admixtures and to ensure dispersion of metal oxides in zeolite at different concentrations.
Preparation of thick film sensors
The preparation of thick film sensor is as per the process reported earlier [18] . In brief, appropriate amount of prepared metal oxide/ZSM-5 composite is mixed and grounded with adhesive materials in an agate mortar to form a glutinous paste. The paste is then coated onto surface of precleaned glass substrate by using screen printing technique to obtain thick films. Coated films are dried under IR lamp for 20 min followed by final sintering at 650
• C for about 2 h for ensuring proper adhesion of film. These films, thus prepared, are used to detect ethanol vapours.
Characterization
The crystallinity of the sintered ZSM-5 and metal oxide/ ZSM-5 composites is verified by means of Rigaku-make X-ray diffractometer with Cu-Kα radiation (1.54014 Å). The X-ray diffraction (XRD) peaks are recorded in the 2θ range of 5-60 degrees. Fourier transform infrared (FTIR) spectra of the ZSM-5 and prepared composite samples are recorded by means of KBr pellet technique in the FTIR scan range 4000-400 cm −1 with a resolution of 4 cm −1 using Shimadzu-make FTIR spectrophotometer.
Sensor performance testing method
Ethanol sensing performance of each developed sensor is tested by using a home-made static gas test unit. Briefly, the sensor is heated with the help of heater from room temperature to 350
• C and sensor resistance is measured in air at an interval of 5
• C temperature. Later on a fixed amount of ethanol (in p.p.m.) is injected into the test chamber through a gas inlet valve by using the syringe to have an ethanol vapour-air mixture followed by the measurement of resistance with respect to change in temperature. The sensing characteristics of the each sensor are determined by measuring the change in electrical resistance of the sensor film in air (R a ) and in ethanol vapour-air mixture (R g ). The response to ethanol/sensitivity is calculated using the following equation [19] :
where R a is the resistance of sensor in air and R g the resistance of sensor after ethanol exposure. The change in sensitivity of the film is plotted as a function of temperature and operating temperature is determined corresponding to a maximum sensitivity. The maximum ethanol uptake capacity of the sensor film is determined by exposing the film to variable ethanol concentrations (p.p.m.) and simultaneously measuring the change in resistance (sensitivity) as a function of variable ethanol concentration (p.p.m.). The time taken by the sensor to respond to a fixed ethanol vapour concentration (response time) and to regain its original state upon exposure to air (recovery time) are determined by exposing each composite film to air and fixed concentration of ethanol vapour-air mixture alternately.
Results and discussion
XRD studies
The XRD profiles of ZnO blended ZSM-5 composites are presented in figure 2A (a-d), wherein the XRD profile of pure ZSM-5 is considered as a reference. Figure 2A (a) reveals the presence of peaks corresponding to ZSM-5 zeolite structure [20]. • , changes to singlet and intensities for all ZSM-5 peaks decrease. Increase in TiO 2 concentration leads to increase in intensities of almost all peaks related to TiO 2 in all composite samples.
Thus, it can be concluded that XRD profiles of metal oxide blended ZSM-5 zeolite composite samples show their typical XRD peaks corresponding to ZnO, TiO 2 and ZSM-5 host. No new phase structure is detected. This indicates that the metal oxide particulates are scattered uniformly in the zeolite matrix and the blending of metal oxides do not destroy the structure of the zeolite. Figure 3A (a-d) shows the typical FTIR spectra of ZnO/ ZSM-5 composites as a function of ZnO concentration and are compared with that of pure ZSM-5. The spectrum of pure ZSM-5 ( figure 3A(a) ) reveals the presence of typical bands corresponding to vibrations of tetrahedral and framework atoms in zeolite structure. The absorption peak at 482 cm −1 can be attributed to bending vibrations of Si-O-Si bonds. The presence of this peak at 482 cm −1 confirms the characteristic of five-membered ring pentasil structure of ZSM-5. A broad peak near 701 cm −1 can be assigned to external symmetric stretching vibrations of Si-O group [22] . The absorption bands present at 898 and 1111 cm −1 are attributed to external symmetric and internal asymmetric stretching vibrations of Si-O-Si bonds [20] . The structure sensitive absorption band (a small shoulder peak), attributed to asymmetric vibration of T-O bond corresponding to external linkages between TO 4 tetrahedra, is observed to be present at 1220 cm −1 [23] . This peak is found to be disappearing for higher ZnO concentration (75%). The presence of weak band near 1590 cm −1 corresponds to bending vibrations of adsorbed water molecules [22] .
FTIR spectroscopy
The IR spectrum of pure zinc oxide (figure 3A(e)) includes bands at 470 and 1111 cm −1 . The band centred at 470 cm
is due to the vibrations of Zn-O stretching modes. In the IR spectra of composites ( figure 3A(b-d) ), decrease in intensities of absorption bands at 482, 898 and 1111 cm −1 attributed to ZSM-5 with increase in ZnO concentration. In case of composites, the peaks at 482 and 898 cm −1 shift towards lower wavenumber side, i.e., at 470 and 860 cm −1 , respectively. The characteristic feature of these spectra, compared with the spectra of pure ZSM-5 and ZnO, is the splitting of a broadband at 701 cm −1 into doublet peaks. The emergence of new peak at 670 cm −1 is related to stretching vibrations of Zn-O bond [24] and peak at 701 cm −1 shifts at higher energy side. Moreover, the intensity of these doublet peaks also decreases with increase in the concentration of zinc oxide in the composites, while broadening the peaks. For the higher ZnO concentration, a small shoulder peak is observed at 908 cm −1 which is also the characteristic peak of ZnO [25] . Figure 3B (a-e) displays FTIR spectra for pure ZSM-5 and TiO 2 /ZSM-5 composites and pure TiO 2 . The FTIR spectrum, showing unique adsorption peaks corresponding to ZSM-5 structure, is considered as a reference. The spectrum of pristine titanium oxide (figure 3e) reveals the presence of absorption peaks at 475, 800 and 1111 cm −1 . The bands at 475 and 1111 cm −1 are due to Ti-O-Ti framework bonds [26] . The peak observed at 800 cm −1 can be attributed to symmetric stretching vibration of Ti-O bonds in TiO 2 lattice [27] .
In the case of TiO 2 /ZSM-5 composite, inclusion of titanium oxide can be confirmed by the appearance of a new shoulder peak at 800 cm −1 . The unique ZSM-5 peak present at 880 cm −1 shifts to higher frequency side and the peak at 1111 cm −1 slightly shifts towards low frequency. The peak occurring at 1280 cm −1 , assigned to asymmetric vibration of T-O bond corresponding to external linkages between TO 4 tetrahedra, is observed in all samples. However, peak near 1590 cm −1 , corresponding to bending vibrations of adsorbed water molecules, is also present in all FTIR spectra of composites. The intensity of absorption peak, occurring at 1109 cm −1 , is found to be decreasing with increase in TiO 2 concentration and a broad absorption band at 704 cm −1 disappears. Figure 4A and B shows the repeatability and reproducibility behaviour of metal oxide blended ZSM-5 composite sensors. Response to a fixed concentration of ethanol (100 p.p.m.) for ZnO/ZSM-5 films is depicted in figure 5a . Response to ethanol vapours by all composite film sensors shows a general trend, wherein the response to ethanol vapours goes on increasing with operating temperature and it reaches to a maximum value for a particular temperature. It decreases for further increase of operating temperature. It is also observed that the response decreases with the increase in subsequent trials, except for 50% ZnO concentration. These graphs indicate that the operating temperature for composite sensors, corresponding to maximum response, is a function of ZnO concentration. The ZnO/ZSM-5 composite film with 25% ZnO concentration is operated at comparatively lower opeating temperature (90 • C), as compared to sensors with 50 and 75% ZnO concentrations. It is further observed that for higher ZnO concentration (75%), the operating temperature shifts to higher temperature (160 • C). Temperature dependence of the ethanol response of TiO 2 /ZSM-5 composite thick films is shown in figure 5b . The plots show similar kind of variation in ethanol response for all TiO 2 concentrations. The behaviour consists of increase in ethanol response with operating temperature, reaching to a maximum value followed by decrease in response with further increase in operating temperature. The operating temperature shows typical behaviour with respect to TiO 2 concentration. It changes from 160
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3.3a Operating temperature and ethanol response:
• C for 25% to 200
• C for 50% and then suddenly shifts to 115
• C for still higher concentration of 75%. The study reveals that there is a strong influence of concentration of reinforcing material on operating temperature of blended ZSM-5 sensor matrix. Figure 6a and b shows the change in ethanol response as a function of ethanol concentration for ZSM-5 and ZnO/ZSM-5 thick films held at their respective operating temperatures. The response increases rapidly in the lower concentration region of ethanol, while it increases gradually at higher concentrations of ethanol. It finally achieves a constant value for still higher ethanol concentration. The active region of the sensor is defined as In the case of TiO 2 /ZSM-5 films, enhancement in ethanol sensing capability of sensor is observed and is depicted in figure 6b . However, the range of active region decreases with increase in TiO 2 concentration. The sensor with lowest TiO 2 concentration (25%) can sense the ethanol up to 2500 p.p.m. at an operating temperature 160
3.3b Active region:
• C. However, for higher concentrations (50 and 75% of TiO 2 ), the ethanol uptake capacity for the sensor remains constant (1500 p.p.m.) at corresponding operating temperatures 200 and 115
• C, respectively.
3.3c
Response/recovery behaviour: Figure 7a presents the variation in response/recovery time for ZnO/ZSM-5 composite sensors as a function of ZnO concentration. It is clearly found that as the concentration of reinforcing ZnO increases, the corresponding composite film gives faster response upon exposure to ethanol and shows speedy recovery after exposing it to air. The change in ethanol response as a function of time for TiO 2 /ZSM-5 sensors is shown in figure 7b . It is observed that all composite films give quick response to ethanol compared to that by pure ZSM-5 film sensor (150 s at 135
• C). The composite film with 25% TiO 2 concentration results in quick response (10 s at 160
• C), but takes longer time (200 s) to get recovered. The recovery time is found to be the lowest for 75 wt% TiO 2 (30 s at 115
• C). Figure 8A • C, respectively. The typical ZnO/ZSM-5 sensor with 25% ZnO concentration ( figure 8A(a) ) shows response of the order of 25, 50 and 100 for 10, 100 and 500 p.p.m. concentrations of ethanol vapours, respectively. The ethanol response of TiO 2 /ZSM-5 sensor with the same concentration are found to be 11, 44, 66 and 88 for 10, 100, 500 and 1000 p.p.m., respectively. It can be concluded that the response goes on increasing with increase in ethanol vapour concentration for both types of blended films. The study reveals that all sensor films can sense ethanol vapours with a minimum concentration of 10 p.p.m. It is found that TiO 2 /ZSM-5 composite thick film sensor for 25% TiO 2 concentration can detect highly concentrated ethanol level of 2500 p.p.m. among all the composite sensors. The gas sensing parameters for these metal oxide blended zeolite composite sensors are summarized in table 1.
Discussion
It is known that the ZSM-5 zeolite structure consists of two intersecting sets of tubular channels formed by a 10-membered ring of TO 4 tetrahedra [5] . Therefore, most probable sites offered by peculiar well-aligned ZSM-5 structure for guest molecules are straight channels, sinusoidal channels and a region of channel intersection (a nearly spherical cavity of 8.7 Å dia). Moreover, the internal microporosity of zeolites gives rise to high suface area, providing additional sites for adsorption of molecules to take place. In case of metal oxide blended ZSM-5 zeolites, metal oxides molecules, being nanoparticles, may occupy sites avialable inside the channels and also vacant sites availbale outside the channel, as shown in figure 9 . As a result of incorporation of ZnO and TiO 2 nanoparticles in any of these sites, the surface area of the metal oxide blended ZSM-5 sensors increases [12] . Upon exposure of ethanol vapours, ethanol molecules can spread into the well-aligned structure very effectively resulting in larger interactions. Therefore, ZnO as well as TiO 2 blended ZSM-5 sensors show enhancement of ethanol sensitivity, which is shown in figure 9 .
In pure ZSM-5, the conductivity is only due to mobile cations. Water molecules, present in the cages and channels, create hurdles for the motion of these cations. Therefore, conductivity is found to be low.
When ZnO or TiO 2 nanoparticles are encapsulated in ZSM-5, they may interact with the water molecules present in the void space of ZSM-5 zeolite and lead to protonation as follows [28] [29] [30] Therefore, the ethanol sensitivity is found to be higher than pure ZSM-5 zeolite for all composite sensors. The dependence of sensitivities and operating temperature on the concentration of metal oxides may be due to the number of adsorption sites present for ethanol adsorption at that specific temperature for a particular concentration. In case of ZnO blended samples, maximum sensitivity is observed for 50% ZnO concentration. This may be due to the availability of sufficient ionic species of oxygen on the film surface along with protons which may interact most effectively with ethanol vapour molecules at that temperature. In case of TiO 2 , maximum sensitivity is observed for the highest TiO 2 concentration (75%). It may also be due to the availability of maximum adsorption sites at that concentration.
The gas upload capacity is determined by exposing the metal oxide blended sensor to variable concentrations of ethanol vapours. For a low ethanol concentration (10 p.p.m.), film surface area covered by the ethanol molecules is also small and hence the surface reactions between oxygen molecules, protons and ethanol molecules takes place slowly because of the availability of fewer number of ethanol molecules to react with and to get adsorbed. Increase in ethanol concentration results in increase in surface reaction due to larger surface coverage of ethanol molecules, which in turn leads to a rapid increase in ethanol response. On further increase in gas concentration, the surface coverage of ethanol molecules on the film begins to attain saturation. Hence, the response to ethanol saturates for higher ethanol concentrations.
Decrease in response time with increase in metal oxide concentration may also be related to availability of number of oxygen ion species to interact with ethanol molecules.
Conclusions
The introduction of ZnO and TiO 2 into ZSM-5, by physical dispersion method, does not alter the basic structure of ZSM-5 zeolite. Blending ZSM-5 zeolite with metal oxides enhances the sensor response to ethanol. Concentration of blended metal oxides has strong influence on ethanol sensing parameters like operating temperature, active region and response/recovery behaviour. Response decreases with increase in ZnO concentration, while it increases with increase in TiO 2 concentration. These novel composite sensors can detect ethanol gas with a minimum concentration of 10 p.p.m. Higher ethanol uptake capability is observed for TiO 2 blended sensors than ZnO blended sensor. Introduction of metal oxides as reinforcing materials in ZSM-5 leads to fast response (to ethanol) and recovery. The study reveals that there is a strong influence of concentration of blended metal oxide materials on ethanol sensing behaviour of ZSM-5 zeolite.
